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Project Description:

The demands of Gen IV nuclear power plants for long service life under neutron irradiation at
high temperature are severe. Advanced materials that would withstand high temperatures (up to
1000+ °C) to high doses in a neutron field would be ideal for reactor internal structures and
would add to the long service life and reliability of the reactors. The objective of this work is to
investigate the chemical compatibility of select MAX with potential materials that are important
for nuclear energy, as well as, to measure the thermal transport properties as a function of
neutron irradiation. The chemical counterparts chosen for this work are: pyrolytic carbon, SiC,
U, Pd, FLiBe, Pb-Bi and Na; the latter 3 in the molten state. The thermal conductivities and heat
capacities of non-irradiated MAX phases will be measured.

Accomplishments for FY2015 Q4:
Task A: Diffusion Bonding of Zircaloy-4 and Select MAX phases

Our paper entitled “Reactivity of Zircaloy with Ti3SiC, and Ti,AlC in the 1100 to 1300
°C Range” has been published in the J. Nucl. Mater., 460, pp. 122-129 (2015).

Task B: Diffusion bonding with SiC and Pyrolytic Graphite, PG

Our paper entitled “On the Interactions of Ti,AlC, Ti3AlC,, Ti3S1C, and Cr,AlC with
Silicon Carbide and Pyrolytic Carbon at 1300 °C” has been published in the J. of the European
Ceramic Society, 35, pp 4107-4114 (2015).

Task B: Reactions with Palladium

A paper entitled “On the interactions of Ti,AIC, Ti3AlC,, Ti3S1C,, and Cr,AlC with
Palladium at 900 °C”, is in the final stages of the drafting process and will soon be submitted for
publication to J. Amer. Cer. Soc.

Task C: Reaction with Molten Metals

A paper titled “On the Interactions of Ti,AlC, Ti3AlC,, Ti3SiC, and Cr,AlC with pure
Sodium at 550 °C and 750 °C”, has been submitted to Corrosion Science. The first stage of the
review process has been completed, and the revised paper, with a rebuttal to reviewer comments,
has been re-submitted for publication.



Task D: Thermal Diffusivity and Conductivity

A paper is currently being drafted on this work and will be submitted to Scripta
Materialia.

Task E: He Permeation

A paper entitled, "Helium Permeability of the Ti>AIC, TizAIC,, and Ti3SiC> MAX Phases
at 850 °C and 950 °C", is in the final stages of the drafting process, and should soon be submitted
for publication in J. of Nuclear Materials.
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List of Figures:
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Figure 1. Typical backscattered electron SEM micrographs of Ti,AlC/Zr-4 diffusion couples annealed at a) 1100 °C
(etched), b) 1200 °C (etched), and c) 1300 °C for 30 h. The layers A, B, C, D, and E correspond to the phases Zr,Al;,
ZrsAly, Zr;Al,, Zr,Al, and Zr;Al, respectively. In all cases, a layer of epoxy is seen where the diffusion couple fractured
during sample mounting. Zr;Al precipitates are observed along the B-Zr grain boundaries beyond the intermetallic
layers. At 1300 °C, no single layer dominates. Significant cracking of the intermetallic layers is observed parallel and
perpendicular to the original interface.

Figure 2. Typical composition profiles of constituent elements determined by EDX line scans normal to the Ti,AlC/Zr-4
interfaces obtained after annealing at, a) 1100 °C, b) 1200 °C, and c¢) 1300 °C for 30 h reveal the formation of several
intermetallic layers with distinct compositions. Each condition tested resulted in similar phase compositions, with layer
thickness increasing with temperature. During annealing at the temperatures tested, the Al dissolves into solution with -
Zr beyond the intermetallic layers on the Zr-4 side. Upon cooling, Al segregation at the grain boundaries likely resulted in
the precipitation of Zr;Al structures, seen in Fig. 1.

Figure 3. Typical backscattered electron SEM micrographs of Ti;SiC,/Zr-4 diffusion couples annealed at a) 1100 °C
(etched), b) 1200 °C, and c) 1300 °C (etched) for 30 h. The layers A, B, C, D, E, F, and G correspond to the phases
(Zr,Ti)Si, ZrSi,, ZrSi, Zr;Si,, Zr,Si, Zr;Si, and B-Zr+Si, respectively. In each case, a thin layer of porosity is observed at
the interface. The predominant layer is composed of ZrSi. Occasional cracks, denoted by white arrows, are observed
parallel to the interface. Inset of a) shows a schematic of the diffusion couple loading assembly that was in turn placed in
the hot press. A layer of epoxy is seen in a) where the diffusion couple fractured during sample mounting.

Figure 4. Typical composition profiles of constituent elements determined by EDX line scans normal to the Ti;SiC,/Zr-4
interfaces obtained after annealing at, a) 1100 °C, b) 1200 °C, and c¢) 1300 °C for 30 h reveal the formation of several
intermetallic layers with distinct compositions. A depletion of Si is seen on the Ti;SiC, side at 1100 °C (a), though not at
higher temperatures. There is a slight counter diffusion of Ti and Zr, though Si is the dominant diffusing species. At 1300
°C, a layer of ZrSi, is observed.

Figure 5. Total diffusion distance (x) vs. t” for diffusion couples of: a) Tiz;SiC, and, b) Ti;AlC, with Zr-4 in the
temperature range of 1100-1300 °C. In all cases, Ti;SiC, results in a shallower diffusion length. These trends show a
parabolic diffusion behavior as x = \(2Dt). ¢) Arrhenius plot of the effective diffusion coefficients, D 4.

Figure 6: Microstructure Ti;SiC, after heating to 30 h at 1300 °C in vacuum, a) OM micrographs of cross-sectional
polished and etched surface. In contact with SiC for 30 h at 1300 °C, b) OM micrographs of etched surface; c) backscatter
electrons SEM micrograph. In contact with PG for 30 h at 1300 °C, d) OM micrographs of etched surface; e) backscatter
electrons SEM micrograph, EBSD maps of, f) Ti;SiC, and g) TiC in f. The interface is near the right edge.

Figure 7: Microstructure Cr,AlC after heating to 30 h at 1300 °C in vacuum, a) OM micrographs of cross-sectional
polished and etched surface. In contact with SiC for 30 h at 1300 °C, b) OM micrographs of etched surface; c) backscatter
electrons SEM micrograph. In contact with PG for 30 h at 1300 °C, d) OM micrographs of etched surface; e) backscatter
electrons SEM micrograph.

Figure 8: Microstructure Ti,AlC after heating to 30 h at 1300 °C in vacuum, a) OM micrographs of cross-sectional
polished and etched surface. Inset is an EBSD map of TiC confirming the formation of a 10 pm thick TiC layer. In
contact with SiC for 30 h at 1300 °C, b) OM micrographs of etched surface; c) backscatter electrons SEM micrograph. In
contact with PG for 30 h at 1300 °C, d) OM micrographs of etched surface; e) backscatter electrons SEM micrograph,
EBSD maps of, f) Ti,AIC and g) TiC in f. The interface is near the right edge.

Figure 9: Microstructure Ti;AlC, after heating to 30 h at 1300 °C in vacuum, a) OM micrographs of cross-sectional
polished and etched surface. In contact with SiC for 30 h at 1300 °C, b) OM micrographs of etched surface; c) backscatter
electrons SEM micrograph. In contact with PG for 30 h at 1300 °C, d) OM micrographs of etched surface; e) backscatter
electrons SEM micrograph, EBSD maps of, f) Ti;AlC, and g) TiC in f. The interface is near the right edge.

Figure 10: XRD patterns of the surface of, a) unreacted Cr,AlC and, b) Cr,AlC after heating in contact with PG for 30 h
at 1300 °C under a load corresponding to a stress of 30 MPa. Black squares represent peak positions of Cr,AlC, blue
circles those for Cr;C;, and red triangles those for Cr;C,.

Figure 11: OM micrographs of the etched surfaces of a) and b),Ti,AlC, c) and d), Ti;AlC,, and, e) and f), Ti;SiC, after
interaction with Pd at 900 °C for 2 h.



Figure 12: XRD patterns of the interface between , a) Ti,AlC, b) Ti;AlC,, ¢) Ti;SiC;, and d) Cr,AlC, with, I), Pd after
heating at 900 °C for 2 h, and, II), control.

Figure 13: a) Backscatter electron SEM micrographs of the Ti,AIC/Pd interface after heating to 900 °C 10 h, with
elemental mappings of, b) Al, ¢) Pd, and, d) Ti.

Figure 14: a) Backscatter electron SEM micrographs of the Ti;AlC,/Pd interface after heating to 900 °C 10 h, with
elemental mappings of, b) Al, ¢) Pd, and, d) Ti.

Figure 15: a) Backscatter electron SEM micrographs of the Ti;SiC,/Pd interface after heating to 900 °C 10 h, with
elemental mappings of, b) Si, ¢) Pd, and, d) Ti.

Figure 16: a) Backscatter electron SEM micrographs of the Cr,AlC/Pd interface after heating to 900 °C 10 h, with
elemental mappings of, b) Al, ¢) Pd, and, d) Cr.

Figure 17: a) HRTEM, and diffraction patterns in the, b) [1121] and, c¢) [1120] directions of the (Ti,Pd);SiC, area from the
Ti;SiC,/Pd 900 °C for 2 h sample.

Figure 18: Bulk XRD patterns of surfaces exposed to Na at 750 °C for 168 h of, a) Ti,AlC, b) Ti;AlC,, ¢) Ti;SiC,, and d)
CrAlC. Red squares represent the MAX peaks; blue circles represent binary carbide peaks. The latter were the major
impurities found in the as-fabricated samples.

Figure 19: Micrographs of Ti;SiC,, a) reacted and etched surface, OM; b) unreacted, SE SEM; c) reacted, SE SEM; d)
reacted, BS SEM, and Cr,AlC e) reacted and etched surface, OM; f) unreacted, SE SEM; g) reacted, SE SEM; and, h)
reacted, BS SEM, respectively, after contact with Na at 750 °C for 168 h.

Figure 20: Micrographs of Ti,AlC, a) reacted and etched surface, OM; b) unreacted, SE SEM; c) reacted, SE SEM; d)
reacted, BS SEM, and Ti;AlIC, a) reacted and etched surface, OM; b) unreacted, SE SEM; c) reacted, SE SEM; and, d)
reacted, BS SEM, respectively, after contact with Na at 750 °C for 168 h.

Figure 21: TEM micrographs of Ti;AlC, after contact with Na at 750 °C for 168 h, a) with objective aperture, and, b),
normal bright field. Diffraction patterns for grains 1 and 2 are shown as insets.

Figure 22: Thermal conductivities of various MAX phases as a function of temperature.

Figure 23: Permeability coefficient k’ of Ti,AlC, Ti;AlC, and Ti;SiC, at 850°C and 950°C.
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Table 1: Vickers Hardness values (Vy) at 1 kg force of unreacted cross-section, reacted cross-section, and reacted surface
of MAX phases tested herein. Values in parentheses represent one standard deviation.

Table 2: Thermal conductivity i, of various MAX phases as measured by laser flash analysis.

Table 3: Calculated Thermal k., from RT p using the Wiedmann-Franz law.

Table 4: Permeability of Ti,AlC, Ti;AlC, and Ti;SiC, at 850°C and 950°C. °C.

Table 5: Equivalent Darcy’s permeability coefficient of Ti,AlC, Ti;AlC, and Ti;SiC, at 850°C and 950°C.

Table 6: Permeance of Ti,AlC, Ti;AlC, and Ti;SiC,, with a thickness of 3mm, at 850°C and 950°C



Summary Task A: Diffusion Bonding of Zircaloy-4 and Select MAX phases

Zircaloy-4 (Zr-4) is widely used as fuel cladding in light water reactors (LWR), mainly
due to its high strength, corrosion resistance and low neutron cross section. However, its poor
oxidation resistance can lead to its failure under loss of coolant conditions.' Up to 850 °C, a-
zirconium (o-Zr) maintains an HCP structure. Above 950 °C, a phase change occurs resulting in
FCC B-zirconium (B-Zr).* LWRs nominally operate up to 400 °C, well within the a-Zr region for
Zr-4. Loss-of-coolant accidents (LOCA), however, can lead to fuel rods experiencing
temperatures in excess of 1200 °C, their rupture due to increased pressure, and exposure to the
atmosphere with catastrophic consequences.’

Another issue with Zr-4 cladding is its susceptibility to water corrosion, specifically
hydrogen pickup and embrittlement.” Dissolved oxygen in the coolant water reacts with the
metal surface, leading to the formation of a protective layer of ZrO,. Simultaneously, the
hydrogen produced from the oxidation diffuses into the cladding, resulting in the generation of
zirconium hydride, ZrH,, precipitates, which lead to hydrogen embrittlement, decreases in
fracture toughness and the acceleration of corrosion and irradiation swelling.” Mitigation of
hydrogen pickup and cladding oxidation is thus vital for the longevity and accident tolerance of
fuel rod assemblies for use in LWRs. As important, isolating the Zr-cladding during normal
operating conditions could allow for higher burn-up and possibly higher operating temperatures.
One solution to the corrosion problem, that could also increase the safety of a LWR in LOCA, is
to hermetically seal them from their surroundings. We recently proposed that the MAX phases in
general, and Ti,AlC in particular, can be used to as a thin coating onto existing Zr-4 cladding.6

The reactivity between Zr-4 and Ti3SiC; and Ti,AlC, over the 1100-1300 °C temperature
range, was studied by setting up TSC/Zr-4 and TAC/Zr-4 diffusion couples. Based on the results
shown, and similar to previous work in the Zr/Al system, it is clear that Al-diffusion into Zr was
extensive, and resulted in a large affected diffusion zone with several Zr,Aly intermetallic
layers.”” Zr;Al precipitates were observed up to 200 pm into the Zr-4 bulk after annealing at all
conditions. The Al diffused out of the TAC basal planes and through the grain boundaries,
resulting in the formation of TiC rings around TAC grains near the bonding interface.

Diffusion of Si from TSC generally formed two intermetallic layers: ZrSi and Zr;Si. At
higher temperatures, layers of ZrSi,, Zr3Si,, and Zr,Si also formed. In this case, TiC layers were

not seen to form around any of the TSC grains.



Overall, diffusion depths from Ti3SiC, were an order of magnitude shallower than the Al-
containing MAX phases at 1100 and 1200 °C, and 5-7 times shallower at 1300 °C. The diffusion
of both Si and Al is seen to follow the parabolic law, and the microstructure of the diffusion

bonded regions is indicative of the diffusion controlled reaction.



Summary Task B: Diffusion bonding with SiC and Pyrolytic Graphite, PG

Currently, there is limited research in the open literature on the chemical stability of the
MAX phases vis-a-vis materials for nuclear systems. Certain MAX phases have been tested for
corrosion in select coolant environments. For example, it has been shown that Ti3SiC, has superb
corrosion resistance to molten Pb and Pb-Bi alloys.'”!" The diffusion between Zircaloy-4 and the
MAX phases Ti3SiC, and Ti>AIC in the 1100-1300 °C range has also been explored.'? These
results show the A-group element diffusing out of the MAX phase and forming intermetallics
with the Zr-4, with the penetration depth of the Si in Ti3SiC, being roughly an order of
magnitude less than that of the Al from the Ti,AlC.

Silicon carbide, SiC, and pyrolytic graphite, PG, are used as diffusion barrier layers in the
TRISO fuel design.”> A MAX phase layer may prove to be useful in extending the lifetime of
TRISO fuel pellets. They could be used either as an additional layer that maintains thermal
diffusion efficiency, or as a substitute to the current SiC layer. Furthermore, because Ti,AlC and
Ti3AlC, form thin alumina protective layers when heated in air they have been shown to have
excellent oxidation resistance at temperature up of 1400 °C, even under severe cyclic heating
conditions.'* The same compounds are also stable in high vacuum, to temperature up to 1400
°C.1> At 1000 and 1100 °C, Cr,AlC also forms a thin alumina layer, but with a thin Cr;Cs
underlayer.16 At 1200 and 1300 °C, an outer (Al;x,Crx),03 mixed oxide layer, an intermediate
Cr,03 oxide layer, an inner Al,O; oxide layer, and a Cr;C; underlayer form. At these
temperatures, spallation occurs, limiting oxidation resistance of Cr,AlC to no higher than 1100
°C, or even 1000 °C.V

At 1300 °C and for times as long as 30 h under a load corresponding to a stress of about
30 MPa, neither Ti3SiC; nor Cr,AlC (Figs. 6 and 7, respectively) showed any evidence of a
reaction with SiC. The 10 pm thick layer of TiC formed on Ti,AIC (Fig. 8) was thinner than the
corresponding layer formed when Ti,AIC was heated in the vacuum of the hot press. Said
otherwise, the presence of SiC must have slowed down the escape of the Al from the Ti,AIC
phase. The TiC layer that formed on Ti3AlC; (Fig. 9), on the other hand, was roughly double the
~15 pum thick layer that formed in the vacuum of the hot press.

No evidence for a reaction was found between Ti3SiC, or Ti,AIC (above that in vacuum)
with PG (Figs. 6 and 8, respectively). In the case of Cr,AlC (Fig. 7), neither OM or SEM

micrographs show much evidence for a reaction. However, XRD unambiguously showed that



Cr;C; and Cr3;C, formed at the interface with the PG (Fig. 10). In the case of Ti3AlC, (Fig. 9),
the TiC layer was about 100 um thick.
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Summary Task C: Reactions with Palladium
Certain MAX phases have been tested for corrosion in select coolant environments. For
example, it has been shown that Ti3SiC, has superb corrosion resistance to molten Pb and Pb-Bi

alloys.'!!

Fission products, such as tritium and palladium, Pd, must also be considered. SiC and
pyrolytic C are used as diffusion barrier layers in the TRISO fuel design,"® however, SiC has
been shown to be susceptible to Pd attack.'®?! As Pd evolves from the fuel, it becomes a major
factor in SiC corrosion, leading to cladding failure. It has been reported”**! that Pd nodule attack
has led to a thinning of the SiC locally. A complete penetration of Pd through the SiC layer
presents an open path for other fission product transport, leading to a functional failure of the
SiC.* Other binary carbides and nitrides have been tested to compare their resistance to Pd
versus SiC.** Tan et al.” found that all four of the binary carbides tested showed better
resistance to Pd attack than SiC, with TiN and ZrN having the best resistance, followed by TiC
and ZrC. After heating to 1400 °C for 10 h in a high purity Ar atmosphere, the formation of
TiPd3+x), ZrPds, and C were found in the TiC-Pd and ZrC-Pd diffusion couples, in their
respective systems. Pd attack along the TiC grain boundaries was observed, with only a limited
attack along the ZrC grain boundaries. No intermediate phases were observed in the TiN-Pd
diffusion, but a small amount of ZrPd; and C was observed in the ZrN-Pd diffusion couple.*
Demkowicz et al. also tested TiN, TiC, and SiC with Pd, up to temperatures of 1600 °C, and,
again, found that both TiC and TiN have a lower reactivity with Pd than SiC. With the use of
TEM, they found that the TiPd3 phase formed at the TiC-Pd interface, with a Pd/T1i ration < 3and
an ordered AuC; structure. For the TiN-Pd interface, only Pd(T1) solid solutions with FCC
structure were observed. Based on these results, it is expected that at least some of the selected
MAX phases herein will show similar resistance to Pd attack. A MAX phase layer may prove to
be useful in extending the lifetime of TRISO fuel pellets. They could be used either as an
additional layer that maintains thermal diffusion efficiency, or as a substitute to the current SiC
layer.

Herein, we focus on the interactions, at 900 °C, of Pd with Ti,AlC, Ti3AlC,, Ti3SiC, and
Cr,AlC. Both Ti,AlC and Ti3AlC, (Fig. 11) behaved in a similar fashion to the reaction between
TiC and Pd described by Tan et al.*> and Demkowicz et al.”* In both cases, Pd was found to
diffuse along the grain boundaries into the MAX, showing the formation of TiPds, as seen in

XRD (Fig. 12) of the interfaces. Through the use of EDS (Fig. 13 and 14), a migration of Al into
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the Pd was detected, suggesting the formation of palladium aluminide. Neither Ti3SiC, nor
CnAIC (Fig. 11, and Figs. 15 and 16, respectively), however, showed any sign of this grain
boundary diffusion of Pd. Ti3SiC,, on the other hand, behaved more like SiC,lS'2 " than TiC,ZZ’23
showing a quite rapid diffusion of Pd into the MAX. Similar to Al in Ti,AlC and Ti3AIC,, Si in
Ti3SiC, diffuses into Pd, leading to the formation of palladium silicide, with EDS suggesting the
PdySi, phase. Evidence also points to the likelihood that a solid solution MAX phase is formed
between Ti3SiC; and Pd (Fig. 17), with EDS results suggesting the (Tig 75,Pdg25)3SiC,
stoichiometry. After heating to 900 °C for 10 h, the diffusion layer thickness in Ti,AIC/Pd,
Ti3AlC,/Pd, Ti3SiC,/Pd, and Cr,AlC/Pd was found to be 35 um, 105 um, 410 um, and 45 um,
respectively, suggesting that the best resistance to Pd attack follows, from best to worst, Ti,AlC,

CI‘QAIC, TigAlCz, and T13SIC2
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Summary Task D: Reaction with Molten Metals

Coolants that have attracted interest for the next generation nuclear reactors includes, He
gas, molten Na, Pb-Bi and FLiBe.'»**® Certain MAX phases have been tested for corrosion in
select coolant environments. For example, it has been shown that Ti3SiC, has superb corrosion
resistance vis-a-vis molten Pb and Pb-Bi alloys.'™!" Over the last 50 years, the idea of liquid
metal cooled fast reactors (LMFR) has been conceived, researched, and even implemented.?
Due to its abundance and relative low cost compared to other coolants, liquid Na has been
considered as an attractive coolant.”” Over the years, there have been experimental Na cooled
LMFRs in France (Rapsodie), Germany (KNK-II), India (FBTR), Japan (JOYO), Russia (BOR-
60 and BR-10), the US (EBR-II, Fermi, and FFTF), and one currently under construction in
China (CEFR). Of the commercial liquid cooled LMFRs, there was the Super-Phénix 1 in
France,® commissioned in 1986 and decommissioned in 1997. The structural materials used in
contact with molten Na have been varying stainless steels, mainly 316, and those containing
higher concentrations of Cr and Ni.*®

Studies have been conducted to observe the interaction of select stainless steels with
liquid Na. One study, performed by Suzuki et al.”® explored the reactivity of numerous stainless
steel alloys, including 316SS, by flowing molten Na at a rate of 4 m/s at 700 °C and evaluating
the specimens after 426, 1723, 2395 and 4066 h. They found that for all alloys, Cr and Ni were
selectively dissolved. The decrease in the concentration of these elements was initially rapid, but
began to level off after 2000 h, and, after 4000 h, the concentration of Cr and Ni became stable.
Optical microscopy, OM, of the cross sections showed the formation of the o-phase (a
chromium/molybdenum-rich intermettalic phase)®’ to be approximately 50 um from the surface
in 316SS. All alloys tested except for a low Mo content alloy formed small, surface corrosion
nodes rich in Mo and Fe. The attack by Na on some of the alloys was determined to be due to
their higher Ni content, which showed signs of intergranular attack of more than 10 um, as well
as pores of less than 10 um on the surface. Another study, conducted by Ganesan et al.*’
explored the reactivity between annealed 316 stainless steels and static Na at 773 and 873 K for
durations ranging from 500 to 2000 h in an Ar atmosphere. Again, it was found that Fe-Mo
corrosion resistant nodes were formed on the exposed surfaces. Ganesan et al.** also found the
post-exposure weight losses for the annealed samples, under static Na, were less than those

reported in dynamic Na environments.’' The weight loss in the annealed samples was also seen
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to be less than the 20% found in cold worked 316 stainless steel samples.”**> As with Suzuki et
al.?® the o-phase was found to nucleate near the exposed surfaces. An increase in micro-hardness
- from 15047 Vy to 250£10 after exposure to Na - was also noted.*®

The interactions between polycrystalline samples of TiAlC, TizAlC,, Ti3;SiC, and
Cr,AlC, and pure, static Na at 550 °C and 750 °C for 168 h was studied for the first time. The
MAX samples were placed in sealed stainless steel tubes. Based on a comparison of pre- and
post-XRD (Fig. 18), OM, SEM (Figs. 19-20), and TEM micrographs (Fig. 21), EDS, and Vickers
microhardness measurements (Table 1), we conclude that not only are the Ti3SiC,, Cr,AIC and
Ti,AIC compositions relatively stable vis-a-vis exposure to molten Na, but also their grain
boundaries. In contradistinction, the evidence shows that while the bulk of the Ti;AlC, sample is
stable, the grain boundaries are not and appear to have been attacked by the molten Na. TEM
(Fig. 21) and EDS results suggest a migration of Al to the grain boundaries, and into the molten
Na.
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Summary Task E: Thermal Diffusivity and Conductivity

Thermal conductivity is one of the more important properties required for fuel cladding
materials in nuclear reactors. In order to remove generated heat from the fuel pellets, fuel
cladding must possess good thermal conductivity, and maintain it at elevated temperatures and
irradiation doses. SiC has shown a significant decrease in thermal conductivity with irradiation.**
The thermal diffusivity, a, of several non-irradiated MAX phases and solid solution MAX
phases was measured as a function of temperature, and used to calculate thermal conductivity,
Kih-

Samples of Ti3SiC,-FG, Ti3S1C,-CG, Ti3AlC,, Ti,AlC, and Ti, AIN were sourced from
leftover blanks fabricated for a previous irradiation study.35 Solid solutions were explored in
order to begin analysis of Zr-containing MAX phases for use in thermal reactor applications
where low neutron cross section is desirable. Pure Zr,AlIC is not thermodynamically stable, thus
solid solutions with Nb and Ti were prepared to explore the addition of Zr.

Test specimens were machined via EDM into 12.5 mm dia. x 3 mm thick discs and
polished down to a final surface preparation of 3um diamond suspension on both sides to form
parallel faces. Prior to testing with the laser flash analysis technique, the surfaces of each sample
were plasma coated with a 5 um graphite layer to ensure absorption of the laser pulses.

Thermal diffusivity measurements were collected by laser flash analysis (LFA 427,
Netzsch, Boston, MA) using 1 ms pulses at 500V and 0.4 hz. The temperature signal was
recorded with an infrared detector directly on the rear face of the sample. Temperature
measurements were collected twice every 25K from 298 to 1223 K. The tests were performed in
99.995% Ar atmosphere flowing at 100 ml/min after an initial vacuum of 107 torr.

The goal of this work was to measure the kg, of several MAX phases as a function of
temperature, and compare the results with extrapolated ky, from resistivity results from neutron
irradiation MAX phases. Notably, k;, does not decrease significantly for Ti3SiC,, Ti3AlC,,
Ti,AlIC or Cr,AlIC over the wide range of temperatures studied (Fig. 22). These results bode well
for MAX phases to be used as fuel cladding material, as k;;, was maintained at high
temperatures. Irradiation defects will only decrease k;y, thus possessing a high baseline at
elevated temperatures is promising result (Table 2). Using the Wiedmann-Franz law to correlate
thermal transport with electrical resistivity, the thermal conductivity of irradiated MAX phases

was estimated using previously reported electrical resistivity results (Table 3).>> The defect
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clusters that are observed at 350 °C*” resulted in a degradation of electrical transport, which
correlates to a reduction in thermal conductivity. Irradiation at higher temperatures, however,
resulted in large, coherent dislocation loops, which did not have as large an impact on electrical
transport.” From these results, it is clear that irradiation at temperatures as low at 695 °C
resulted in good recovery of RT electrical conductivity for these MAX phases, and by
association thermal conductivity. These results compare well with k;;, values of the MAX
phases measured at 300K by laser flash analysis earlier in this section. The improved defect
recovery that occurs in these MAX phases, notably Ti3SiC,, during high temperature neutron

irradiation bodes well for these materials for use in high temperature neutron applications.
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Summary Task F: He Permeation

In the literature, permeation is commonly reported in terms of a permeability coefficient,
which is also called the permeation or permeability constant, or just permeability. In some cases,
the models used to calculate the permeability are different or a variety of units are used making
the comparison of the results not a straight forward task. Often, the terms permeability and
permeance are confused as well. Permeability is not dependent on the thickness of the material
while permeance does depend on the on the thickness of the material.

He permeability tests were performed at 850°C and 950°C for three MAX phase material
samples: Ti,AlC, Ti3AlC, and Ti;SiC, following a similar procedure described in the ASTM
D1434.*° Each sample was machined to a diameter of 12 mm with a thickness of 3 mm.

A customized differential pressure (DP) rig was designed by Savannah River National
Laboratory (SRNL) personnel to mount the samples for the high temperatures tests. The samples
were supported by a sintered disc in order to prevent mechanical failure. The DP rig has two
parts that clamp into the sample, each with a stainless steel Swagelok fitting to which gas lines to
the external system were connected. After clamping the edges of the samples, the area exposed is
10 mm diameter. The sample chamber was housed in a furnace that is capable of temperatures up
to 1000°C. Just outside the furnace, pressure gauges were fitted; an analogue high pressure on
the high pressure line, and a digital vacuum gauge on the low pressure line. A computer and
control box were used to interface with the sample chamber. The lines were controlled with
valves to allow either gas inlet (on the high P test gas side) or vacuum (on both sides). The
pressure was regulated from a nearby cylinder with a reservoir attached to prevent the regulator
from controlling the rate. The readings from the digital vacuum gauge were logged.

In the differential pressure test, both sides of the sample chamber were evacuated and
then the system was isolated. The sample chamber was then allowed to stand for the test period
of 2 hr and the increase in pressure in the low pressure side was regarded as the baseline.
Subsequently, another evacuation was performed and He gas was supplied at 0.5 bar to the high
pressure side. The pressure on the high pressure side was maintained throughout the test run at
0.5 bar, whereas the pressure on the low pressure side was allowed to rise and the rate at which
this occurred was measured. A LabVIEW program was used to calculate and record permeation

rate dynamically.
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Herein we report on the He permeability of the Ti,AlC, Ti3AlC, and Ti3SiC, MAX
phases, performed at 850 °C and 950 °C. At constant temperature, the He permeability decreases
for the material type as follows: Ti,AIC > Ti3S1C, > Ti3AlC, by about an order of magnitude
difference between each value. These materials showed between 15.5% and 35.3% increase in
He permeability at 950 °C as compared to their respective permeabilities at 850 °C (Tables 4-6).
These He permeability results are comparable to those in literature for alumina at similar
temperatures (Fig. 23), and show the same order of magnitude of permeability at high
temperatures as room temperature measurements in SiC/SiC composites. These results indicate a

significant ability for these MAX phases to contain and limit the transport of He through bulk.
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Appendix A: Figures

Figure 1. Typical backscattered electron SEM micrographs of Ti,AlC/Zr-4 diffusion couples annealed at a) 1100 °C
(etched), b) 1200 °C (etched), and c) 1300 °C for 30 h. The layers A, B, C, D, and E correspond to the phases Zr,Al;,
ZrsAly Zr;Aly, Zr,Al, and Zr;Al, respectively. In all cases, a layer of epoxy is seen where the diffusion couple fractured
during sample mounting. Zr;Al precipitates are observed along the B-Zr grain boundaries beyond the intermetallic
layers. At 1300 °C, no single layer dominates. Significant cracking of the intermetallic layers is observed parallel and
perpendicular to the original interface.
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Figure 3. Typical composition profiles of constituent elements determined by EDX line scans normal to the Ti,AlC/Zr-4
interfaces obtained after annealing at, a) 1100 °C, b) 1200 °C, and c¢) 1300 °C for 30 h reveal the formation of several
intermetallic layers with distinct compositions. Each condition tested resulted in similar phase compositions, with layer
thickness increasing with temperature. During annealing at the temperatures tested, the Al dissolves into solution with -
Zr beyond the intermetallic layers on the Zr-4 side. Upon cooling, Al segregation at the grain boundaries likely resulted in
the precipitation of Zr;Al structures, seen in Fig. 1
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Figure 3. Typical backscattered electron SEM micrographs of Ti;SiC,/Zr-4 diffusion couples annealed at a) 1100 °C
(etched), b) 1200 °C, and c) 1300 °C (etched) for 30 h. The layers A, B, C, D, E, F, and G correspond to the phases
(Zrx,Ti)Si, ZxSiy, ZrSi, Zr;Si,, Zr,Si, Zr;Si, and B-Zr+Si, respectively. In each case, a thin layer of porosity is observed at
the interface. The predominant layer is composed of ZrSi. Occasional cracks, denoted by white arrows, are observed
parallel to the interface. Inset of a) shows a schematic of the diffusion couple loading assembly that was in turn placed in
the hot press. A layer of epoxy is seen in a) where the diffusion couple fractured during sample mounting.
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Figure 4. Typical composition profiles of constituent elements determined by EDX line scans normal to the Ti;SiC,/Zr-4
interfaces obtained after annealing at, a) 1100 °C, b) 1200 °C, and c¢) 1300 °C for 30 h reveal the formation of several
intermetallic layers with distinct compositions. A depletion of Si is seen on the Ti;SiC, side at 1100 °C (a), though not at
higher temperatures. There is a slight counter diffusion of Ti and Zr, though Si is the dominant diffusing species. At 1300
°C, a layer of ZrSi, is observed.
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Figure 5. Total diffusion distance (x) vs. t” for diffusion couples of: a) Tiz;SiC, and, b) Ti;AlC, with Zr-4 in the
temperature range of 1100-1300 °C. In all cases, Tiz;SiC, results in a shallower diffusion length. These trends show a
parabolic diffusion behavior as x = \(2Dt). ¢) Arrhenius plot of the effective diffusion coefficients, D .
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Figure 6: Microstructure Ti;SiC, after heating to 30 h at 1300 °C in vacuum, a) OM micrographs of cross-sectional
polished and etched surface. In contact with SiC for 30 h at 1300 °C, b) OM micrographs of etched surface; c) backscatter
electrons SEM micrograph. In contact with PG for 30 h at 1300 °C, d) OM micrographs of etched surface; e) backscatter
electrons SEM micrograph, EBSD maps of, ) Ti;SiC, and g) TiC in f. The interface is near the right edge.
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Figure 7: Microstructure Cr,AlC after heating to 30 h at 1300 °C in vacuum, a) OM micrographs of cross-sectional
polished and etched surface. In contact with SiC for 30 h at 1300 °C, b) OM micrographs of etched surface; c) backscatter

electrons SEM micrograph. In contact with PG for 30 h at 1300 °C, d) OM micrographs of etched surface; e) backscatter
electrons SEM micrograph.
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Figure 8: Microstructure Ti,AlC after heating to 30 h at 1300 °C in vacuum, a) OM micrographs of cross-sectional
polished and etched surface. Inset is an EBSD map of TiC confirming the formation of a 10 pm thick TiC layer. In
contact with SiC for 30 h at 1300 °C, b) OM micrographs of etched surface; c) backscatter electrons SEM micrograph. In
contact with PG for 30 h at 1300 °C, d) OM micrographs of etched surface; e) backscatter electrons SEM micrograph,
EBSD maps of, f) Ti,AIC and g) TiC in f. The interface is near the right edge.
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Figure 9: Microstructure Ti;AlC, after heating to 30 h at 1300 °C in vacuum, a) OM micrographs of cross-sectional
polished and etched surface. In contact with SiC for 30 h at 1300 °C, b) OM micrographs of etched surface; c) backscatter
electrons SEM micrograph. In contact with PG for 30 h at 1300 °C, d) OM micrographs of etched surface; e) backscatter
electrons SEM micrograph, EBSD maps of, f) Ti;AlC, and g) TiC in f. The interface is near the right edge.
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Figure 10: XRD patterns of the surface of, a) unreacted Cr,AlC and, b) Cr,AlC after heating in contact with PG for 30 h
at 1300 °C under a load corresponding to a stress of 30 MPa. Black squares represent peak positions of Cr,AlC, blue
circles those for Cr,Cs, and red triangles those for Cr;C,.
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Figure 11: OM micrographs of the etched surfaces of a) and b),Ti,AlC, c) and d), Ti;AlC,, and, ¢) and f), Ti;SiC, after
interaction with Pd at 900 °C for 2 h.
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Figure 12: XRD patterns of the interface between , a) Ti,AlC, b) Ti;AlC,, ¢) Ti;SiC,, and d) Cr,AlC, with, I), Pd after
heating at 900 °C for 2 h, and, II), control.
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Figure 13: a) Backscatter electron SEM micrographs of the Ti,AlC/Pd interface after heating to 900 °C 10 h, with
elemental mappings of, b) Al, ¢) Pd, and, d) Ti.

34



Figure 14: a) Backscatter electron SEM micrographs of the Ti;AlC,/Pd interface after heating to 900 °C 10 h, with
elemental mappings of, b) Al, ¢) Pd, and, d) Ti.
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Figure 15: a) Backscatter electron SEM micrographs of the Ti;SiC,/Pd interface after heating to 900 °C 10 h, with
elemental mappings of, b) Si, ¢) Pd, and, d) Ti.

36



Figure 16: a) Backscatter electron SEM micrographs of the Cr,AlC/Pd interface after heating to 900 °C 10 h, with
elemental mappings of, b) Al, ¢) Pd, and, d) Cr.
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Figure 17: a) HRTEM, and diffraction patterns in the, b) [1121] and, c) [1120] directions of the (Ti,Pd);SiC, area from the
Ti;SiC,/Pd 900 °C for 2 h sample.
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Figure 18: Bulk XRD patterns of surfaces exposed to Na at 750 °C for 168 h of, a) Ti,AlC, b) TizAlC,, ¢) Tiz;SiC,, and d)
Cr,AlC. Red squares represent the MAX peaks; blue circles represent binary carbide peaks. The latter were the major
impurities found in the as-fabricated samples.
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Figure 19: Micrographs of Ti;SiC,, a) reacted and etched surface, OM; b) unreacted, SE SEM; c) reacted, SE SEM; d)
reacted, BS SEM, and Cr,AIC e) reacted and etched surface, OM; f) unreacted, SE SEM; g) reacted, SE SEM; and, h)
reacted, BS SEM, respectively, after contact with Na at 750 °C for 168 h.
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Figure 20: Micrographs of Ti,AlC a) reacted and etched surface, OM; b) unreacted, SE SEM; c) reacted, SE SEM; d)
reacted, BS SEM, and Ti;AlIC, a) reacted and etched surface, OM; b) unreacted, SE SEM; c) reacted, SE SEM; and, d)
reacted, BS SEM, respectively, after contact with Na at 750 °C for 168 h.
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Grain 1 a)

b)

Figure 21: TEM micrographs of Ti;AlC, after contact with Na at 750 °C for 168 h, a) with objective aperture, and, b),
normal bright field. Diffraction patterns for grains 1 and 2 are shown as insets.
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Figure 22: Thermal conductivities of various MAX phases as a function of temperature.
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Appendix B

: Tables

Table 1: Vickers Hardness values (Vy) at 1 kg force of unreacted cross-section, reacted cross-section, and reacted surface
of MAX phases tested herein. Values in parentheses represent one standard deviation.

Vickers
Hardness

TizSiC,

CrAlC

Ti,AIC

TizAIC,

Unreacted
Cross-
section

440(10)

466(8)

458(6)

480(5)

Reacted
Cross-
section

455(9)

451(5)

467(5)

441(3)

Reacted
Surface

450(10)

476(8)

458(2)

399(5)

Table 2 Thermal conductivity k., of various MAX phases as measured by laser flash analysis.

K¢ (W/m-K) Experimental Literature
Sample 300 K 1200 K 300K 1300K [Ref]
FG-Ti;SiC, 38.2 35.9 37 33 [36]
CG-Ti;SiC, 39.4 34.1 37 33 [36]
Ti;AlIC, 39.9 33.8 40 - [37]
Ti,AIC 31.6 27.8 46 36 [38]
(Nbgs5Zr5),AlIC 7.3 17.3 17a 24a [38]
(Nby.75Zrg 25),AlC 10.3 17.0 17a 24a [38]
(Tig.75Z1y25),AlC 9.3 21.6 17a 24a [38]
Cr,AlC 20.4 20.0 19 16b- [39]

a- Comparison is made with TiNbAIC, a similar solid solution, as values for these solid solutions are previously

unreported.
b- Extrapolated
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Table 3 Calculated Thermal k., from RT p using the Wiedmann-Franz law.>*

Sample 0.1 dpa, 350 °C 0.1 dpa, 695 °C 0.4 dpa, 350 °C
p Ko Ken p Ko Ken p Ke Ko
(Q-m) | (W/m-K)| (W/m-K)| (nQ-m) |(W/m-K)|(W/m-K)| (uQ-m) |(W/m-K)|(W/m-K)
FG-
nsc, | L |6 70 o023 | 313 | 322 |143)| 51 53
CG-1oomy | 33 34 | 0240y | 3001 | 311 | 2820 | 26 2.7
s, | 2 . . . . . . . .
TLAIC, [2.842)| 2.6 49 0391 | 187 | 360 | 3 9 1.8
TLAIC [075(1)| 97 | 227 | o044y | 167 | 386 | 831) | .9 2.0
TLAIN | 1.46(1)| 5.0 75 | 02501y | 207 | 443 |334) | 22 33

Table 4. Permeability of Ti,AlC, Ti;AlC, and Ti;SiC, at 850°C and 950°C. °C.

Permeability (K)

Sample (mol m)/(m’s Pa) (m*(STP) m)/(m” s Pa)
850°C 950°C 850°C 950°C

TiAlC 1.72E-07 1.99E-07 3.87E-09 4.46E-09

TizSIiC, 4, 48E-08 5.83E-08 1.00E-09 1.31E-09

TisAlIC; 6.05E-09 8.18E-09 1.36E-10 1.83E-10

Table S. Equivalent Darcy’s permeability coefficient of Ti,AlC, Tiz;AlC, and Ti;SiC, at 850°C and 950°C.

Equivalent Darcy's Permeability Coefficient (k')
2

Sample m

850°C 950°C
TiAlC 8.20E-13 1.00E-12
TizSIiC, 2.13E-13 2.93E-13
TisAIC, 2.88E-14 4.11E-14

Table 6. Permeance of Ti,AlC, Ti;AlC, and Ti;SiC,, with a thickness of 3mm, at 850°C and 950

Permeance (P)

Sample mol/(m”s Pa) m>(STP)/(m” s Pa)
850°C 950°C 850°C 950°C

TiAlC 5.75E-05 6.64E-05 1.29E-06 1.49E-06

TizSIiC, 1.49E-05 1.94E-05 3.35E-07 4.36E-07

TisAlIC; 2.02E-06 2.73E-06 4.52E-08 6.11E-08
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